Fundamental to appropriate nutritional prescription is an understanding of the conditions necessary for growth that include the requirements for energy in health and illness. Energy requirements need to be met by the dietary intake to prevent weight loss. A positive energy balance will result in weight gain. Energy requirement includes several components; the largest is the basal metabolic rate, although physical activity level and the energy needs of growth are important components. All aspects of energy metabolism are likely to be infl uenced by illness and impact on energy balance. Changes in dietary intake and physical activity are observed clinically but poorly described in most childhood illnesses. Changes in metabolic rate are poorly described in part owing to methodological problems. This review explores changes in energy expenditure associated with health and disease, highlights the lack of evidence underpinning this aspect of practical nutritional support and provides the clinician with a guide to the factors involved in estimating energy requirements, emphasising the importance of measuring the child's response to nutritional support.
Nutritional support occurs in many different clinical scenarios ranging from children with anorexia associated with acute infectious disease to malnourished children with chronic disease. Fundamental to the administration of appropriate nutritional support is an understanding of the conditions required both to prevent weight loss in the short term and to promote growth in the long term, which includes the requirements for energy in health and illness.
A simple formula can be used to demonstrate energy balance:
Energy In = Energy Expenditure + Energy Stored
POSITIVE ENERGY BALANCE OCCURS WHEN INTAKE EXCEEDS EXPENDITURE
Positive energy balance is associated with storage of energy, deposition of tissue and weight gain and normal linear growth. Negative energy balance is associated with depletion of tissue and thus weight loss, and if prolonged, it leads to poor linear growth. Although this approach is understood in principal, the degree to which it applies to children with different conditions is poorly described. Furthermore, the nutritional consequences of disease treatment and the implications for growth are also unclear. Further knowledge of the relationships between energy expenditure, energy storage (body composition) and health/disease is needed to match nutritional support to meet demands. In this article, we describe the components of energy expenditure in children and their relevance to nutrition and growth in healthy individuals and selected disease states.
COMPONENTS OF ENERGY EXPENDITURE
A child's energy requirement includes several components (see table 1 ). The largest (60%-70%) is the basal metabolic rate (BMR), closely approximated by measured resting energy expenditure (REE). The energy expended in physical activity is variable but generally accounts for 30%-40%, with the remainder being the energy cost of growth. In adults, energy requirements are similarly factored, although there is no additional energy demand for growth unless puberty is delayed or there is a period of rapid weight gain.
REE: infl uences in health
REE varies between individuals largely because of differences in body size and composition. A large child has a higher REE than a small child. The difference in REE between two individuals is principally determined by the amount of fat-free mass (FFM). However, FFM contains both organs and skeletal muscle. In a healthy child, organ mass is more metabolically active than skeletal muscle. Therefore, organ mass contributes more to total REE than skeletal muscle.
Boys tend to have higher REE than girls even when corrections for differences in body composition have been made 1 2 and several studies have demonstrated differences in REE in children from different ethnic backgrounds. 1 2 Using regression analysis accounting for body size, REE signifi cantly decreases with age independent of other factors. 1 This may be because of the energy cost of synthesising new tissue that decreases with age and explains in part the differences in REE between adults and children.
Metabolic response to food
The metabolic response to food-or diet-induced thermogenesis is the increase in energy expenditure after ingestion of a meal. It accounts for a relatively small proportion of daily energy expenditure; however, it is of interest to researchers investigating the aetiology of obesity. Small differences in this response to food over time could result in large changes in energy balance leading to energy storage and obesity. There is variability in this response because of both the size of the meal ingested and the size and relative adiposity of the individual. 3 It also varies depending on the nutritional state of the child. When malnourished children undergo a rapid weight gain, they have a larger increase in energy expenditure after a meal compared with that when there is no weight gain or there are slower rates of weight gain. 4 5 This is likely the result of a higher energy requirement to synthesise new tissue during more rapid (catch-up) growth.
Energy cost of growth
The energy cost of growth has two components: the energy used to synthesise new tissue (part of the energy requirement and BMR) and the energy deposited within the newly acquired tissue (energy stored). Defi ning the precise energy cost of synthesis of new tissue is inherently diffi cult as growth rates are often too slow to permit useful analysis. However, infants and young children recovering from malnutrition often have growth rates 10-20 times the usual, and attempts to quantify the energy cost of growth in these children have been made. In these studies, the energy cost of growth has been estimated to be between 4 and 6 kcal/g of tissue deposited, with most of this attributable to the energy deposited and approximately 1 kcal/g being the energy cost of synthesis. 6 The energy stored in new tissues can be estimated by measuring the amount and the type of tissue acquired and assuming the energy content of fat and FFM. Using this approach, a healthy infant in the fi rst year of life with linear growth velocity of 20 cm/year deposits 215 kJ (50 kcal) per day, and a boy during the peak adolescent growth spurt with height velocity of 10 cm/year deposits 139 kJ (32 kcal) per day, 7 which represents 9% and 1% of the estimated average requirement (EAR), respectively. Estimates suggest that an increase of 5% over the usual energy requirement is suffi cient to sustain twice the average weight gain in a child aged 12-18 months. 7 However, there are no studies to estimate the energy requirements of catch-up growth in older children and adolescents. In clinical practice, it is not unusual for children to be offered 120%-150% of energy requirements to ensure adequate catch-up growth particularly during recovery from acute illness or in chronic disease. In a condition such as cystic fi brosis (CF) where there is underlying malabsorption and increased energy requirements from increased work of breathing as a consequence of chronic lung disease, 150% may be appropriate. However, when these factors are not present, this approach may predispose to excess adiposity.
Energy expended in physical activity
This varies considerably and refl ects the balance of sedentary and active behaviour. It is mainly determined by activities of daily living and not necessarily by the amount of sport a child does. The amount of energy expended in physical activity is often referred to as the physical activity level (PAL). This is the ratio of energy expended in physical activity and REE to REE. A healthy child aged 12-16 years has a typical PAL around 1.6. 8 There is a considerable range of activity level in children and especially adolescents. Those 
BODY COMPOSITION
An imbalance between energy intake and expenditure leads to changes in the amount of energy stored as tissue that may infl uence body size and habitus. A simple evaluation based on height and weight can be used to group children into different categories that may give a clue to their previous nutritional state (fi g 1).
Simple assessments of height and weight do not tell us the proportion of fat and lean tissue. For a given weight or body mass index, a child may have a large variation of fat and FFM. 9 These variations may have a signifi cant impact on a child's energy requirements and long-term health. A child with a high FFM is likely to have a higher energy requirement, whereas a child with a high FM is at risk for the metabolic complications of obesity.
MEASUREMENT OF ENERGY EXPENDITURE IN CHILDREN
A child's energy requirement can be measured directly using research techniques to evaluate total energy expenditure (TEE), REE or physical activity. In clinical practice, however, EARs, documented in the Department of Health's dietary reference values report, 10 are used to enable clinicians to estimate the nutritional needs of a child or young adult.
Total energy expenditure
TEE is the sum of REE and physical activity and can be measured by using doubly labelled water; a child ingests water with labelled isotopes of hydrogen and oxygen. The hydrogen-labelled isotope can only be cleared from the body through water loss, whereas the oxygen isotope is excreted through water loss and carbon dioxide production. By measuring the relative amounts of each isotope, the amount of carbon dioxide production and, therefore, energy expenditure can be calculated. Although this method is considered the criterion standard, it is still subject to imprecision particularly in disease states. 11 TEE can also be estimated by adding together the component parts. Energy requirement is the amount of food energy needed to balance energy expenditure to maintain body size, body composition and a level of necessary and desirable physical activity consistent with long-term good health Total energy expenditure (TEE). Energy spent, on average, in a 24 h period by an individual. Refl ects the amount of energy spent in a typical day The energy requirement of an individual can be broken down into specifi c components that each vary depending on the individual's current state Basal metabolic rate (BMR). The minimal rate of energy expenditure compatible with life. This is measured in standard conditions of rest, fasting, immobility, thermoneutrality and mental relaxation. This is the largest component of an individual's energy expenditure. Most published research refers to REE rather than BMR. This is a measurement made in standardised conditions that is as close to BMR as practically possible Energy spent in physical activity. This is the most variable component of energy expenditure and includes energy spent in activities of daily living in addition to recreational physical exercise Metabolic response to food (diet-induced thermogenesis/thermic effect of feeding). Energy is required for the processes involved in eating and digesting food and the biochemical handling of nutrients Energy cost of growth E g . This has two components: the energy needed to build new tissue and the energy deposited in those tissues Fat-free mass (FFM) is the non-fat component of body composition. This includes water, protein (principally muscle) and mineral (principally bone) Estimated average requirement (EAR) is the mean of a set of data describing the recorded nutrient requirement for a group of individuals. EARs can, therefore, be used to describe total energy requirements but also for the requirement of single nutrients group.bmj.com on April 21, 2011 -Published by adc.bmj.com Downloaded from
Resting energy expenditure REE can be measured by indirect calorimetry. In this technique, carbon dioxide production and oxygen use are measured based on the assumption that all inspired oxygen is used to oxidise substrates and that all carbon dioxide is produced from these reactions. This technique requires adherence to strict conditions including environmental temperature, fasting and rest before measurement to obtain repeatable values and measurements close to BMR. 12 
Physical activity
The measurement of physical activity is inherently diffi cult because of daily variation, but estimates can be made over several days with the use of accelerometers, heart rate monitors or diaries. 13 Many validation studies of these techniques exist in healthy individuals, but there is an inherent bias because children are aware of wearing the monitor or of recording their activity, so they may not behave in their usual manner. In practice, compliance with monitors can be diffi cult, and many are lost or damaged during use.
ESTIMATION OF ENERGY EXPENDITURE IN CHILDREN: APPLICATION TO CLINICAL PRACTICE
EARs are widely used in clinical practice. The EAR is the mean of a set of data derived from many studies across different age ranges using different techniques. Because of the limited availability of evidence, different approaches to determine EARs have been used at different ages. In children <3 years of age, TEEs measured by doubly labelled water and dietary intake data have been combined to produce EARs. In this age group, EARs are assumed to be identical for a given weight between boys and girls. Between the age of 3 and 10 years, the only data available on which to base EARs is from intake studies. However, in children >10 years old, energy expenditure data is used in preference to intake data. In a small validation study of healthy individuals, TEE measured by doubly labelled water was compared with EARs for children aged 3-10 years and to intake measurements in children aged 10-18 years. 11 Agreement was good up to about 11 years of age. From then on, intake data appeared to underestimate requirements. There is ongoing debate of the relevance of historical measurements to the current generation of children because of population trends of increasing weight and height.
There are alternative methods of estimating a child's energy requirements. A simple approach is to sum separate estimates of (1) the child's REE and (2) the energy expended in physical activity. REE can be estimated from many equations; the most widely used are those developed by Schofi eld from data in more than 6000 individuals. 14 These predictions of REE are derived at a population level and do not necessarily correlate with measured REE of an individual patient. Physical activity is diffi cult to estimate because it may change very rapidly over the course of an illness. An acutely unwell child will have very little physical activity, but as soon as recovery starts, their activity level will quickly return to normal. Obese children are diffi cult to assess because although they may not perform a lot of activity, the mechanical work done by their muscles to produce movement can be quite large. Children with anorexia nervosa typically under report the amount of exercise they perform.
Both approaches are used in clinical practice, and adjustments are made pragmatically according to the clinical situation and by observed responses to treatment. However, caution is needed in applying estimates to individuals particularly in whom height, weight and physical activity deviate signifi cantly from the pattern of the reference population. EARs are thought to predict the requirement of healthy children performing a healthy amount of physical activity and exhibiting usual growth. However, this does not apply to patients in whom nutritional support is necessary. Table 2 illustrates this with an example of a 13-year-old boy with Crohn disease. He had a weight of 30 kg and was severely malnourished. His BMR predicted from his weight was similar to his measured REE. However, his EAR for age suggests that he should receive 500 kcal more than that estimated from measurements of energy expenditure. In a malnourished patient, giving this much extra energy acutely could risk refeeding syndrome. 15 
ENERGY EXPENDITURE IN DISEASE STATES
Both acute and chronic diseases can impact on nutritional status and growth. Acute disease may produce reversible effects in rate of weight gain. Chronic disease may result in changes in weight and height gain with potential long-lasting effects including poor response to disease treatment and reduced fi nal adult height. Increases in energy expenditure have often been implicated as a reason for poor growth accompanying disease, and it is widely believed that raised metabolic rate (hypermetabolism) accompanies increases in infl ammation. Many studies demonstrate hypermetabolism associated with disease, although other results are confl icting. This ambiguity in part refl ects inadequate understanding of the factors that affect REE in healthy children described previously and failure to correct data for these factors appropriately. This is particularly true for FFM, the major determinant of REE. Inappropriate corrections of REE data in children, such as expressing REE per kilogram of FFM, may lead to fl awed conclusions. 16 Expression of REE results as REE per kilogram of FFM results in higher values for children with the lowest FFM, which tends to be children with disease. This does not genuinely represent hypermetabolism. REE data in children with poor nutrition is further compounded by the concept of reductive adaptation associated with malnutrition. REE is closely related to lean mass. The term reductive adaptation describes the phenomenon seen in children who have signifi cant weight loss where their reduction in REE is greater than that expected simply from decreased lean mass. 17 
Acute infection
Decreased appetite and nutrient intake and decreased physical activity are common features of acute illness. Weight loss is also common, which in otherwise healthy children, suggests that in some way, requirements are not being met. This could be because of reduced intake or by increased REE. The widely held view that REE increases with febrile infection is partly a result of the work of DuBois 18 who demonstrated in adults an increase in energy expenditure during fever of 13% per degree Celsius of body temperature. However, results from paediatric studies are less clear as both increased 19 and stable 20 REE have been demonstrated in febrile children due to infectious disease. This is of real clinical relevance because it may determine the timing and type of nutritional intervention offered to children with poor dietary intake associated with infectious disease.
Infl ammatory bowel disease
Nutritional impairment is common in children with infl ammatory bowel disease (IBD), with some children becoming malnourished. 16 Decreased dietary intake is common in active disease either because of reduced appetite or because eating exacerbates gastro-intestinal symptoms. This has been demonstrated during active disease 21 22 but, with treatment intake, can increase in excess of estimated requirements. 23 There are confl icting results on the impact of active disease on REE. This discrepancy may be due to different methods for correction of energy expenditure data for body composition. Studies suggest that REE is raised in response to disease activity presumably owing to the infl ammatory response. 24 25 However, in a recent cross-sectional study, the children with most active IBD did not have an increased REE and there was a trend towards a decrease. 16 Clinical observation suggests that children who are most unwell exhibit less physical activity; however, the relative contribution that intake, physical activity and REE contribute to TEE is unknown. In IBD, there is still uncertainty about the extent to which TEE varies with the infl ammatory response and how this impacts on growth.
Cystic fi brosis
It is widely understood that supplemental nutrition is necessary for many children with CF. In this condition, energy balance is complicated by pancreatic insuffi ciency, resulting in maldigestion of protein and fat; therefore, faecal energy and nutrient loss is important. It has been shown that REE is higher in children with CF compared with both controls and predicted values. However, this does not appear to be directly related to infl ammation. Several small studies examining change in REE with respiratory exacerbations have produced mixed results. Some have found that REE is higher at the beginning of an exacerbation than at the end, 26 whereas others have shown that REE, TEE and body composition are unchanged between an exacerbation and a healthy period. 27 In addition, treating apparently well children with antibiotics for respiratory disease reduced infl ammatory markers but made no difference to REE. 28 Similarly, others have found a relationship between FEV 1 and REE, 29 whereas others have not. 30 Thus, infl ammation does not appear to cause the apparent rise in REE in children with CF, which may be attributable to increased mechanical work of breathing. Whether there is an increase in TEE remains unclear. It is possible that energy requirements may not be met during an exacerbation because of a combination of decreased nutrient intake and impaired absorption. This leads to a greater-than-usual demand for nutrients to facilitate catch-up growth during periods of recovery. These demands may not be met by appetite; therefore, supplementary nasogastric feeding/gastrostomy feeding is used.
Anorexia nervosa
Children with anorexia nervosa have a decreased energy and nutrient intake as a consequence of distorted body image resulting in weight loss. The extent of the weight loss is variable, but body composition changes similar to malnourished children are not uncommon. Part of treatment, alongside psychological therapy, is to provide adequate nutrition to prevent further weight loss and promote weight gain. The phenomenon of reductive adaptation has been demonstrated in children with anorexia nervosa who are signifi cantly underweight. 25 PALs are variable although most children with anorexia nervosa perform more physical activity than controls. 13 31 These factors make estimating TEE diffi cult. Measuring the effect of feeding regimens may be complicated by children falsely elevating their weight-for example, by drinking large volumes of water.
Neurodisability
The nutritional issues in children with neurodisability are complex, with many factors potentially contributing to a nutritional defi cit. Many children with neurodisability receive supplemental feeds; however, this group represents a particular challenge to clinicians providing nutritional support. The fi rst challenge is to accurately assess the child's height and weight, which may not be possible using standard methods; therefore, proxies such as arm span or knee height may be required. The second challenge is to correctly assess their energy and nutrient needs to avoid over or under provision of nutrients. Historical cohorts demonstrate signifi cant levels of malnutrition 32 ; however, in interpretation of growth measurements, the clinician has to be aware that some children may not follow a standard growth trajectory but follow that set by their own genetic potential. Several studies have shown that children with cerebral palsy (CP) have lower FFM 32 33 compared with control groups even when FFM was adjusted for height. 34 Although poor nutrition is evident in some children with CP, evidence has emerged that feeding interventions may lead to increased fat mass. In a study of children with spastic CP fed by gastrostomy, compared with children fed orally, the gastrostomy-fed children had a signifi cantly higher fat mass, lower FFM, and also the lowest resting and TEE. 35 This demonstrates that it is easy to overestimate the needs of these children and potentially overcorrect their nutritional defi cit. Height and weight are not necessarily reliable predictors of REE 25 with most studies demonstrating signifi cantly lower REE than expected 25 33 or compared with control groups. 25 TEE is generally (although not always) reduced in children with neurodisability 33 ; those with the most severe motor impairment having the lowest TEE. 35 
Obesity
Fundamental to developing obesity is a long-term dysregulation of energy balance, intake exceeding expenditure. However, the precise imbalance in children required for weight gain from increased energy intake, decreased physical activity and plasticity of dietary intake is unclear. A high energy intake is thought to be the main determinant of weight gain in children and adults. 36 37 The average daily excess of intake over TEE needed to create weight gain over time is the energy imbalance gap. In adults, this gap is estimated to be small (eg, 125 kJ/day) when applied to the average weight gain of whole populations during the obesity epidemic, 38 but in children, the value may be higher. 39 In an individual child, an ever-increasing intake is required to maintain an ongoing positive energy imbalance gap as expenditure increases in parallel with increasing FM and FFM. This increasing TEE is mainly due to increasing BMR from increased FFM. Popular culture has focused on a lack of physical activity as a prime reason for increasing childhood obesity. Worryingly, studies in Scottish children have shown that a sedentary lifestyle may be established even in early childhood. 40 There is increasing evidence that genetic factors predispose to obesity. Recent discoveries from studies of population genetics have shown the importance of mutations in genes such as FTO and MC4R, which infl uence energy intake in favour of obesity. 41 Other genes expressed in the central nervous system have a role 42 in satiety and appetite, and mutations may lead to hyperphagia. 43 In addition, cultural transmission of learnt obesogenic behaviour might be passed from parents to children. 44 
CONCLUSIONS
The energy used in normal functioning is variable between individuals because of changes in both REE and physical activity. It is widely believed that nutritional requirements increase during disease despite the clinical observation that ill children perform less physical activity. Inherent in this belief is the assumption that REE increases; however, there is enough variance in the literature to challenge this assumption, particularly as FFM is frequently not adequately considered. In addition, the energy demands for recovery, catch-up weight gain and growth after disease are inadequately described.
Children who are ill or underweight are frequently given nutritional support. This is often given by a non-oral route that overrides the child's own regulation of intake through appetite and raises issues of tolerance. It is, therefore, of great importance to have an understanding of the energy and nutrient requirements of the child. Estimates of energy requirements in large groups of healthy children have some methodological limitations and may not be directly applicable to an individual. Most children requiring nutritional support differ from the reference population, which makes application of reference data even more diffi cult. Assessment of energy requirements estimated by (measured or calculated) REE and a factor for physical activity may be more appropriate than EARs. Careful evaluation of the effect of the nutritional intervention is essential to allow tailoring of the prescription to the individual to avoid potential harm such as increasing adiposity in excess of lean. To do this, simple anthropometric measurements such as weight and height should be made before and during treatment, which could be coupled with more detailed assessment including measures of fat and FFM. Although this may be diffi cult in a clinical setting, research cohorts examining current practice could provide helpful information relevant to clinicians. Consideration of these issues and discussion within the multidisciplinary team will help ensure that patients receive adequate nutrition support to facilitate recovery from illness and optimise long-term growth. A useful strategy to use may be to provide nutritional support that is suffi cient to maintain weight during illness and to provide additional support during recovery from illness to facilitate catch-up growth.
